Purpose: Resin composite blocks (RCB) are advocated as alternative to ceramic blocks (CB). Prior to use, adherence to these materials should characterized. This study aimed to test the null hypothesis (H 0 ) that material and surface treatment combinations do not influence interfacial fracture toughness (K IC ) of a self-cured adhesive resin cement [RelyX Ultimate (RXU)] to RCB or CB, under nonaged and aged conditions. Materials and Methods: Two RCB, Lava Ultimate (LU) and Enamic (EN), and one CB, IPS e.max Press (EMP) were used. Half-size [(6 × 6 × 6 × 6 mm)] specimens were prepared for EMP (n = 30), EN (n = 30), and LU (n = 60). RCB specimens were prepared by wet cutting/grinding, while CB specimens were pressed. Surfaces of EMP and EN were preconditioned with hydrofluoric acid (5%); surfaces of LU were sandblasted with either 27 μm alumina (LUS) or 30 μm silica-modified alumina Rocatec soft (LUR). All specimens were bonded with Scotchbond Universal adhesive and RXU. Additionally, twenty (4 × 4 × 4 × 8 mm) RXU specimens were prepared. All specimens were stored in water at 37°C and tested after 1 and 60 days. Interfacial K IC was determined with the notchless triangular prism specimen K IC test. Results were analyzed with two-way ANOVA and Scheffé multiple means comparisons (α = 0.05). Preconditioned and selected fractured surfaces were characterized with scanning electron microscopy. Results: At 24 hours, LUS-RXU and LUR-RXU had significantly higher interfacial K IC than EN-RXU and EMP-RXU and were not different from K IC of RXU. Aging lead to a significant decrease in K IC of RXU and interfacial K IC of LUS-RXU, LUR-RXU, and EMP-RXU; interfacial K IC of EN-RXU was not affected. Based on the results, H 0 was rejected. Conclusion: Under the conditions of this study, at 24 hours, interfacial K IC of LUS-RXU and LUR-RXU was superior to EMP-RXU and EN-RXU. Aging in water at 37°C did not affect interfacial K IC of EN-RXU but adversely affected K IC of RXU and the other interfacial K IC . Clinical Implications: The results suggest that RXU and its adherence to LU and EMP deteriorates upon exposure to water at 37°C. In making clinical decisions related to material selection, practitioners should consider in vitro results.
CAD/CAM blocks is more consistent than that of conventional powder build-up and baked porcelain products since they have considerably less internal defects. 6 Also, the software-based design process ensures proper thickness of the restoration depending on the material used, providing added quality control. Lastly, the processing data can be saved and stored digitally, eliminating the need for physical space to store multiple casts that could degrade or be damaged over time. 5 With the increasing popularity of CAD/CAM technology, specific bonding protocols for the different CAD/CAM restorations have been developed for various luting systems. The long-term clinical survival of these restorations depends on the CAD/CAM system, the type of restoration, the selected material, and the luting agent. 7 For ceramic restorations, clinical success is heavily dependent on the cementation procedure. 8 Laboratory tests under standardized testing conditions provide crucial information before clinical use and/or testing of new materials. 9 Despite repeated criticisms of bond strength tests [10] [11] [12] [13] [14] and repeated encouragements to implement fracture mechanics methodology, [15] [16] [17] the in vitro characterization of adherence related to dental materials is most often performed via bond strength tests, either tensile or shear, on specimens of different sizes. Fracture mechanics methodology aims to determine fracture toughness (K IC ), an intrinsic material property, or interfacial K IC , quantifying the resistance of materials/interfaces to crack propagation. 18 The application of fracture mechanics methodology may lead to results that have better correlation with the in vivo performance of dental materials and dental adhesive interfaces. 15, 17 The goal of this study was to apply fracture mechanics methodology to assess the effect of surface preconditioning on the short-and long-term adherence between a widely used adhesive resin luting cement ( 19 The notchless triangular prism (NTP) specimen K IC test, introduced by Ruse et al in 1996, 20 was selected for this study. The null hypothesis (H 0 ) to be tested was that material and surface treatment combinations do not influence interfacial K IC of RXU to LU, EN, or EMP, under both nonaged and aged conditions. 
Materials and methods
Power analysis was used to calculate the sample size (n) needed to detect a difference of 20% between groups, a difference deemed clinically representative, with α set to 0.05 and power set at 80%. By applying Lehr's basic formula 21 , n = 16/ 2 , being the standardized difference δ/σ , where δ is the target difference and σ is the standard deviation, the calculated sample size was 13. Fifteen specimens were prepared for each group. Table 1 lists the materials used in this study.
For EMP, the fabrication process started with the preparation of thirty [(6 × 6 × 6 × 13) mm] wax NTP specimens by pouring melted dipping wax into a mold obtained by impressing and then removing a 6 × 6 × 6 × 13 mm plexiglas NTP in medium body poly(vinyl siloxane) (PVS) impression material (Aquasil; Dentsply, York, PA). The wax NTP specimens were sprued, invested, and burned out, and EMP was pressed in a Programat EP 5000 press furnace (Ivoclar Vivadent) at the Ivoclar Vivadent research facility (Amherst, NY), following the manufacturer's recommended firing/pressing parameters. After de-investment, the EMP NTP specimens were cut at the sprue base with a diamond burr (Brasseler 850 medium, Brasseler USA, Savannah, GA), under continuous water irrigation.
For LU and EN, the as-received blocks were sectioned into cuboids of at least 6 × 6 × 12 mm, with a diamond-wafering blade (UKAM, Valencia, CA) mounted on a low-speed Isomet saw (Buehler, Lake Bluff, IL), under constant water irrigation. A custom grinding jig ( Fig 1A) was used to obtain 6 × 6 × 6 × 12 mm NTP specimens, by grinding the cuboids, under constant water irrigation, on SiC abrasive disks of different grit (240, 400, and 600), mounted onto a Buehler Metaserv wheel grinder.
Each NTP specimen was cut into two halves with a diamondwafering blade mounted on a low-speed Isomet saw, under constant water irrigation. Corresponding halves were marked to facilitate their alignment during the bonding procedure. To produce a surface roughness matching the specifications of the Sirona CAD/CAM milling unit, the adhesive surface of all halves was ground on 600-grit SiC abrasive disk, under water irrigation.
Prior to bonding, preconditioning with 4.5% hydrofluoric acid was done for 20 seconds on EMP surfaces and for 60 seconds on EN surfaces, as recommended by the respective manufacturers. The etched surfaces were then rinsed with a water jet and dried with an oil-free and moisture-free air jet. Preconditioning of LU surfaces was done by either sandblasting with 27 μm alumina oxide particles with a microetcher (MicroEtcher II; Danville Materials, San Ramon, CA) operated at 200 kPa pressure (LUS) or by silicatization with 30 μm silica-modified alumina oxide (Rocatec Soft; 3M ESPE) with a Rocatec Junior blasting module (3M ESPE) operated at 200 kPa pressure (LUR). Surfaces were blasted at a right angle from a distance of 15 mm for 13 seconds, which resulted in a matte bonding surface, as recommended by the manufacturer. The surfaces were then cleaned from any particle residue with an oil-and moisture-free air jet.
The cementation procedure was carried out with a custom aligning/bonding jig (Fig 1B) that securely held each half of the prism and allowed the two halves to be brought in contact, with the adhesive surfaces properly aligned. Once the halves were aligned and secured, the cementation procedure started with the application of an adhesive layer of Scotchbond Universal with a micro-brush. The adhesive layer was left on the surface for 60 seconds for EMP and 20 seconds for EN, LUS, and LUR, as per manufacturers' recommendations. An oil-free air jet was used for 5 seconds to evaporate the solvent. RXU was applied onto both adhesive surfaces from the automix syringe, and the two halves were then brought in contact. To ensure a standardized continuous pressure during the setting period of the cement, a 25 g weight was placed on top of the assembly, which was found sufficient to achieve less than 50 μm cement thickness. All margins were light cured (Litex 680A Curing Unit, DenAmerica Corp., Scottsdale, AZ) for 20 seconds, followed by an additional curing for 60 seconds, after removal of the bonded specimen from the holder. All bonded specimens were stored in water at 37°C prior to 24-hour or 60-day testing.
A Teflon mold was used to prepare 20 RXU (4 × 4 × 4 × 8 mm) NTP specimens. The proportionally smaller NTP size for RXU decreased the likelihood of inadequate curing and reduced material consumption. The resin cement was injected into the mold (with ends thereafter closed by Mylar film) and light cured for 60 seconds from each end. After removal from the mold, each surface was light cured for an additional 60 seconds and allowed a total setting time of 6 minutes prior to storage in water at 37°C for 24 hours and 60 days.
Two specimen holders, one for each size of NTP, conferring the same final configuration, were used. For testing, each bonded NTP specimen was placed and secured into one half of the specimen holder, with the bonded interface just proud of the surface (Fig 1C) . Under magnification, a sharp surgical blade was used to create a ß0.1 mm deep defect into the adhesive interface, to act as a crack initiation point. A similar procedure was used for the RXU specimens, where the defect was introduced just proud of the specimen holder. The second half of the holder was then fitted on the other end of the specimen. To ensure a standardized space between the two halves of the holder, a custom mounting jig was used, where a 200-μm-thick spacer kept the two specimen holder halves apart, thus replicating entirely the CNSR specimen configuration (Fig 1D) . The screws holding the specimen in place were then tightened.
The test assembly was secured in custom designed grips, attached to a computer-controlled Instron 4301 universal testing machine (Instron, Canton, MA) equipped with a 1 kN Instron load cell. The test assembly was loaded in tension at a 0.1 mm/min crosshead speed until crack arrest or failure. The maximum load recorded before crack arrest or failure, P max ,
Figure 6 (A) Enamic hydrofluoric acid etched surface (5000×); (B) Fractured Enamic hydrofluoric acid etched -RelyX Ultimate interface (50×); (C) Fractured Enamic hydrofluoric acid etched -RelyX Ultimate interface (5000×).
was used to calculate the interfacial K IC using the following equation:
where Y * min is the minimum value of the dimensionless stress intensity factor coefficient (28 for the NTP test 22 ), D is the specimen diameter (12 mm), and W is the specimen length (10.4 mm).
The interfacial K IC results were analyzed by two-way (material/interface and time) ANOVA followed by Scheffé multiple means comparisons. The statistical analysis was conducted with SPSS (SPSS for Windows, v12.0; SPSS Inc., Chicago, IL), at α = 0.05. Levene test was performed prior to ANOVA to confirm uniformity of variance of the data.
Following interfacial K IC testing, fractured surfaces of selected specimens were characterized under a Cambridge Stereoscan 260 SEM (Cambridge Instruments; Cambridge, UK). The specimen halves were gold coated in an Edwards S150A sputter coater (Edwards Vacuum, Crawley, UK). Additionally, to evaluate the effect of the different surface treatments, a randomly selected surface-treated specimen was selected from each group for SEM characterization. For each specimen, photomicrographs were recorded at various magnifications.
Results
The results (mean and standard deviation) of interfacial K IC for all groups at the two time intervals, along with the results of the statistical analysis, are summarized in Table 2 and presented as box plots in Figure 2 . At 24 hours, the results showed no significant difference in interfacial K IC between LUS-RXU/LUR-RXU, and RXU, while EN-RXU and EMP-RXU showed significantly lower interfacial K IC compared with LUS-RXU/LUR-RXU and RXU. At 60 days, the results showed lower interfacial K IC for LUS-RXU compared to LUR-RXU. There was no significant difference in interfacial K IC between LUR-RXU, EMP-RXU, and RXU; however, EN-RXU showed significantly higher interfacial K IC compared to RXU. The results showed that time had a significant effect on interfacial K IC with the exception of EN that showed no significant difference between 24 hours and 60 days. The results of this study led to the rejection of the null hypothesis, with the exception of that regarding EN-RXU, for which storage in water at 37°C for 60 days did not affect the interfacial K IC .
The fractured surface of a RXU specimen shows that the fracture initiated from the induced defect (Fig 3A) . SEM micrographs of fractured surfaces at 24 hours and 60 days (Fig 3B) display the surface characteristics/features of the cement, to which all fractured surfaces were compared to determine the mode of failure.
The effect of sandblasting on LU is illustrated in Figure 4A . The SEM micrograph shows a rough micro-retentive surface with exposed filler particles. The fractured surface of a tested LUS-RXU specimen shows that fracture initiated from the induced defect (Fig 4B) . The SEM micrographs of fractured surfaces at 24 hours and 60 days show surfaces covered with a layer of resin cement, indicative of cohesive failure within the cement (Fig 4C) .
Surface silicatization of LU resulted in a similar rough microretentive surface, with exposed filler particles, in addition to silica coating of the surface (Fig 5A) . The fractured surface of a tested LUR-RXU specimen shows that fracture initiated from the induced defect (Fig 5B) . SEM micrographs of fractured surfaces at 24 hours and 60 days show surfaces covered with a layer of resin cement, indicative of cohesive failure within the cement (Fig 5C) .
Hydrofluoric acid etching of EN exposed the polymer network, providing a micro-retentive surface. In some of the porosities, remnants of the ceramic network were present (Fig 6A) . The fractured surface of a tested EN-RXU specimen shows that fracture initiated from the induced defect (Fig 6B) . SEM micrographs of fractured surfaces at 24 hours and 60 days show surfaces covered with what seems to be an adhesive layer, indicative of cohesive failure in the adhesive layer, rather than in the cement (Fig 6C) .
Hydrofluoric acid etching of EMP exposed lithium disilicate crystals, providing a micro-retentive surface (Fig 7A) . The fractured surface of a tested EMP-RXU specimen shows that fracture initiated from the induced defect (Fig 7B) . SEM micrographs of fractured surfaces at 24 hours and 60 days show surfaces covered with what seems to be an adhesive layer, indicative of cohesive failure in the adhesive layer, rather than in the cement (Fig 7C) .
Discussion
The dental industry is always in search of new innovative biomaterials with the intention to offer improved products. New socalled "resin nano ceramic" and "hybrid ceramic" CAD/CAM blocks have been introduced to the market with the aim of combining the positive aspects of both polymers and ceramics, to achieve advantageous properties. The manufacturers claim that these materials are less brittle, are easier to repair/bond, and possess excellent machinability and edge stability. 9 Lava Ultimate (LU), introduced by 3M ESPE as a "resin nano ceramic" CAD/CAM block, is composed of a resin matrix reinforced with silanated silica nanomers (20 nm diameter) and zirconia nanomers (4 to 11 nm diameter). To increase volume fraction filler (vf), zirconia-silica nanoclusters (0.6 to 10 μm are also incorporated. Vita Enamic (EN) was introduced by VITA Zahnfabrik, as a "hybrid ceramic." It consists of a ceramic network of aluminum oxide-enriched, fine-structure feldspar matrix (ß70% vf) infused by urethane dimethacrylate and triethyleneglycol dimethacrylate co-polymer (ß30% vf). 23, 24 Irrespective of the nomenclature used by the manufacturers, these materials are resin composites. 25 The innovative approach used to increase filler content by infiltrating a preexisting ceramic network with monomers, followed by high temperature/high pressure polymerization, sets EN apart and resulted in outstanding mechanical properties compared to other dental resin composites.
Evidence on the bonding behavior and surface treatment of resin composite CAD/CAM materials is very limited. 26 The bonding mechanisms between two resin-based materials could involve three possible mechanisms: chemical bonding to the resin matrix, chemical bonding to the exposed filler particles, and micromechanical retention. 27 Chemical bonding to the resin matrix is rather unlikely, considering that the matrix has been polymerized under high pressure/temperature, thus achieving a high degree of conversion. Chemical bonding to exposed filler particles via silane coupling agent might occur, although the extent to which filler particles are exposed on a prepared surface is most likely very limited. Silicatization of the surface, followed by the application of a silane coupling agent, may increase the chance for chemical bonding. 28, 29 The most likely mechanism for bonding to resin composite CAD/CAM blocks is mechanical interlocking. Based on the results of this study, both sandblasting and surface silicatization of LU lead to cohesive failure through the resin cement at 24 hours, indicative of good adherence. The results have also shown that both the resin cement, RXU, and the LUS/LUR-RXU adhesive interfaces deteriorated upon 60 days storage in 37°C water. Failure, however, continued to be cohesive through the cement layer. It has been reported that immersion of resin composite in water may cause a degradation of the matrix/filler interface. 30 It has been hypothesized that this slow diffusion causes the polymer network to swell, consequently producing a plasticizing effect and softening of the polymer resin matrix, which reduces the frictional forces between the polymer chains. 31 This plasticizing effect may explain the deterioration of the resin cement and the decrease of the interfacial K IC after 60 days.
The SEM fractographic analysis suggested that in the case of EN-RXU and EMP-RXU, failure occurred cohesively in the adhesive layer, or adhesively between the adhesive layer and the resin cement, with interfacial K IC lower than K IC of RX. The fact that the interfacial K IC of EN-RXU did not deteriorate over 60 days storage in water at 37°C may be because water sorption was hindered by the highly rough surfaces created by HF acid etching; Fig 6A) , thus protecting the adhesive interface. The EMP-RXU adhesive interfaces, with a less rough surface that EN-RXU specimens, showed deterioration in interfacial K IC over 60 days of storage in water at 37°C.
The results of this study cannot be extrapolated to other resin cements, since each adhesive system involves different chemistries, leading to different behavior. By applying a fracture mechanics methodology, which places the adhesive interface in controlled plane strain condition, to the assessment of adherence, it was possible to identify the crack propagation path, an identification not afforded by any bond strength tests.
Conclusions
Under the conditions of this study, the following conclusions can be drawn:
1. At 24 hours, interfacial K IC of LUS-RXU and LUR-RXU was superior to EMP-RXU and EN-RXU. 2. Aging in water at 37°C did not affect interfacial K IC of EN-RXU, but adversely affected K IC of RXU and the other interfacial K IC .
